Dogs of different ages without testicular diseases were evaluated to study possible age-related changes in hormone concentrations in serum. Dogs with testicular tumours were also investigated to study the relation between tumour type and hormone concentrations; in this study, dogs with Sertoli cell tumours, Leydig cell tumours and seminomas were included. We measured testosterone, oestradiol, LH, FSH and inhibin-like immunoreactivity concentrations in peripheral venous and testicular venous blood of these animals.
Abstract
Dogs of different ages without testicular diseases were evaluated to study possible age-related changes in hormone concentrations in serum. Dogs with testicular tumours were also investigated to study the relation between tumour type and hormone concentrations; in this study, dogs with Sertoli cell tumours, Leydig cell tumours and seminomas were included. We measured testosterone, oestradiol, LH, FSH and inhibin-like immunoreactivity concentrations in peripheral venous and testicular venous blood of these animals.
In normal dogs there appeared to be no age-related changes in the concentrations of the investigated hormones, except for a significant age-related decrease in oestradiol concentrations in testicular venous blood (P<0·02). Dogs with a Sertoli cell tumour had greater oestradiol concentrations and inhibin-like immunoreactivity in both peripheral and testicular venous blood than did dogs without a neoplasm (P<0·05). Testosterone concentrations were reduced in dogs with Sertoli cell tumours, as were FSH and LH. Feminisation occurred in eight of 13 dogs with a Sertoli cell tumour and in two of 14 dogs with a Leydig cell tumour; it was accompanied by a significantly greater oestradiol concentration than in normal dogs and in dogs with Sertoli cell tumours without signs of feminisation. Dogs with a Leydig cell tumour had greater concentrations of oestradiol and inhibin-like immunoreactivity in both peripheral venous and testicular venous blood than did dogs without a neoplasm (P<0·05). The testosterone concentration in testicular venous blood of these dogs was lower than that in dogs with normal testes. The concentration of LH in peripheral venous blood was also reduced (P<0·05). Hormone concentrations in dogs with a seminoma were not different from those in normal dogs.
It was concluded that seminomas are not endocrinologically active. In contrast, both Sertoli cell tumours and Leydig cell tumours can cause increased oestrogen production leading to signs of feminisation. These tumours also have considerable amounts of inhibin-like immunoreactivity, but only in Sertoli cell tumours does this result in a reduction in FSH concentrations, suggesting that
Introduction
A decline in reproductive function is a well-known feature of ageing in mammalian species (Meites 1986 ). Many studies have revealed an age-dependent decrease in free testosterone concentrations in the human male, in combination with unchanged or increased oestradiol concentrations and increased concentrations of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) (Neaves et al. 1984 , Finch & Schneider 1985 , Kaiser & Morley 1994 . In ageing male rats, a decrease in testosterone concentration has been reported (Karpas et al. 1983 , Wang et al. 1993 , Zirkin et al. 1993 , Chen et al. 1994 , in addition to a reduction in plasma gonadotrophin concentrations, which is in contrast to the findings in men (Zirkin et al. 1993) .
In male dogs, conflicting results have been obtained in studies on the effect of ageing on plasma testosterone concentrations. Either no reduction with age (Taha & Noakes 1982 , Lowseth et al. 1990 or decreasing testosterone concentrations has been reported (Bondarenko et al. 1979 , Günzel Apel et al. 1990 ; in accordance with the latter observation, lower LH concentrations were observed in aged dogs also (Günzel Apel et al. 1990) .
Testicular neoplasia and Leydig cell hyperplasia are common findings in aged dogs. The prevalence of testicular tumours can be as high as 60% in old dogs (Mosier 1989) . In men, however, testicular tumours occur most often in adults younger than 40 years of age (Looijenga et al. 1994) . The three main types of testicular tumours in dogs are Sertoli cell tumours, seminomas and Leydig cell tumours; mixed tumours are often observed (Nielsen & Kennedy 1990) . Cryptorchidism is an important risk factor for the development of testicular tumours, causing a 26-fold increase in the risk for Sertoli cell tumours and a 15-fold increase for seminomas (Hayes et al. 1985) . Although Sertoli cell tumours and seminomas are considered to be potentially malignant, they seldom metastasise in the dog, whereas seminomas in men are highly malignant (Swerdlow 1993) .
In dogs, testicular tumours may be associated with clinical signs such as feminisation and alopecia, especially when a Sertoli cell tumour is involved (Theilen & Madewell 1987 ). This syndrome is characterised by bilateral symmetrical alopecia, gynaecomastia, atrophy of the contralateral testis, a pendulous prepuce, attractiveness to other male dogs and, in severe cases, bone marrow depression. The last of these may be irreversible and is a potentially lethal complication (Rijnberk 1996) . Feminisation occurs in 19% of dogs with a histologically diagnosed Sertoli cell tumour and in 5% of dogs with a Leydig cell tumour (Peters & van Sluijs 1996) . Feminisation is attributed to the secretion of excessive amounts of oestrogens by the tumour. Sertoli cell tumours are known to produce oestrogens (Rijnberk 1996) , but it is not clear whether Leydig cell tumours and seminomas also secrete oestrogens. In humans, oestradiol in blood is derived mainly from Leydig cells and adipocytes after conversion from testosterone, but Sertoli cells and germ cells can also produce oestrogen (Sharpe 1998) .
To investigate possible effects of reproductive ageing and testicular tumours on pituitary-testicular function in dogs, we have measured testosterone, oestradiol, LH, FSH and inhibin-like immunoreactivity in peripheral venous and testicular venous blood. Dogs of different ages without testicular diseases and dogs with Sertoli cell tumours, seminomas and Leydig cell tumours were studied.
Materials and Methods

Animals
Peripheral venous and testicular venous blood was collected from 95 dogs of different breeds and ages before castration. This operation was performed for a variety of reasons not related to testicular diseases (n=49: benign prostatic hyperplasia (BPH), balanoposthitis, perineal hernia or unwanted behaviour), or because of a testicular tumour (n=46; tumour types are shown in Table 1 ). In some cases it was not possible to collect blood from both the peripheral and the testicular vein. Cryptorchid dogs without testis tumours were excluded from this study. Nine of the 46 dogs with testicular tumours were cryptorchid. Goldston et al. (1989) In order to compare data from dogs of different breeds, we applied a correction factor based on the fact that dogs of small breeds live longer than those of large breeds. We expressed the age of a dog at the time of castration as the percentage of its geriatric age, using the method of Goldston et al. (1989) . This method groups dogs into categories according to body weight and the age at which they become geriatric (Table 1) . Hence, we considered dogs to be old (geriatric) when their age was equal to or greater than 100% of the geriatric age according to their category of body weight.
Blood sampling
Five millilitres of blood were collected from an external jugular vein immediately after the induction of anaesthesia, and placed in an EDTA-coated tube. This blood was referred to as peripheral venous blood. During orchidectomy, the ductus deferens and the pampiniform plexus were double clamped and transected between the clamps. The clamp on the testicular side of the plexus was removed immediately after transection and the blood draining from both spermatic veins was also collected in an EDTAcoated tube and referred to as testicular venous blood. The tubes were centrifuged and the plasma obtained was stored at 20 C until required for analysis. In some cases not enough blood could be collected to perform all hormone measurements. As a result of this the number of samples is different for each analysis.
Hormone measurements
The concentration of oestradiol in plasma was measured by RIA using kits supplied by Diagnostic Products Corporation (Los Angeles, CA, USA). Testosterone concentration in plasma was assayed by RIA as described by Verjans et al. (1973) . The intra-and interassay coefficients of variation were respectively <5% and <8% for oestradiol and <6% and <9% for testosterone; the assay sensitivities were 0·01 and 0·2 nmol/l, respectively. Plasma inhibinlike immunoactivity was measured using an antiserum against purified 32 kDa bovine follicular fluid (bFF) inhibin (No. 1989) and using iodinated 32 kDa bFF inhibin as the tracer (purchased from the Department of Anatomy, Monash University, Melbourne, Victoria, Australia) (Robertson et al. 1989) . Validation was performed earlier (Grootenhuis et al. 1990) . The sensitivity of the immunoassay was 0·65 U and the intra-and interassay coefficients of variation were <7·5% and <12% respectively. Plasma FSH was determined using a rat FSH RIA as described by Grootenhuis et al. (1990) . The results were expressed in terms of NIDDK-rat FSH-RP-1 standard. Serial dilutions of plasma from castrated dogs resulted in curves parallel to the rat FSH standard after logit-log transformation. Intra-and interassay coefficients of variation were 5·1% and 11·5%, respectively, and the sensitivity of the assay was 0·2 ng/ml. Plasma LH concentration was measured by a heterologous RIA as described by Knol et al. (1993) . A sheep antibody, CSU-204 (a gift from Dr Niswender, Colorado State University, Fort Collins, CO, USA), radioiodinated NIAMDD-bLH-4 and canine pituitary standard LER 1685-1 were used in this assay. The sensitivity of the LH assay was 1 ng/ml.
Characterisation of tumours
Tumours were classified microscopically according to the morphological criteria of Nielsen & Kennedy (1990) , together with immunohistochemical staining using Leydig cell-specific antibodies against the LH-receptor and 3 -hydroxy steroid dehydrogenase (3 -HSD) (M A J Peters, K J Teerds, J van der Gaag, D G de Rooij & F J van Sluijs, unpublished observations) that have been shown to be Leydig-cell-specific in other species (Bukovsky et al. 1993 , Faustin et al. 1995 , Teerds et al. 1999 .
Sertoli cell tumours, Leydig cell tumours and seminomas were recorded separately. Mixed tumours were excluded from this study. Tubules overgrown with Sertoli cells or germ cells were classified as intratubular Sertoli cell tumour or intratubular seminoma. Testes containing these very small tumours, which were only microscopically detectable in very few seminiferous tubules, were categorised as normal because alterations in the investigated hormones were not expected in these dogs. A neoplasm was considered to be a solid tumour when a discrete nodule or group of Sertoli cells or seminoma cells was visible outside the seminiferous tubules.
Hormone concentrations
The hormone concentrations in blood collected from the two spermatic veins of dogs with two normal testes or two testes with the same type of tumour were averaged. Hormone concentrations of the unaffected and the affected testis in dogs with a unilateral tumour were recorded separately. Concentrations of hormones in testicular venous blood from testes with tumours were compared with concentrations in testicular venous blood from the contralateral unaffected testis and with the mean concentrations in testicular venous blood of dogs with two normal testes.
Peripheral venous hormone concentrations in dogs with tumours were compared with those in normal dogs.
Statistics
The effect of age on hormone concentrations was investigated in the 49 dogs without testicular diseases. Correlations between hormone concentrations were examined in dogs both without and with testis tumours.
For all dogs the results of the hormone measurements were log-transformed before a general linear model was applied to compare the main effects between different types of tumours. The hormone concentration was the variable, and weight and relative age of the dog were the covariant factors in this analysis of variance. SPSS 7·5 software was used for statistical analyses and P<0·05 was considered significant.
Results
Dogs with two normal testes
In dogs without testicular tumours (n=49) there was no significant relation between the geriatric age of the dog and the concentrations of gonadotrophins, testosterone and inhibin-like immunoreactivity in peripheral venous blood or testicular venous blood. Only the oestradiol concentration in testicular venous, but not peripheral venous, blood appeared to decrease with geriatric age (r= 0·44, P=0·02, n=40; Fig. 1 ).
The coefficient of correlation between LH and FSH in peripheral venous blood of normal dogs was 0·37 (P=0·016, n=41; Fig. 2 ). Other significant correlations were found between FSH and testosterone (r=0·31, P<0·05, n=43), FSH and oestradiol (r=0·36, P<0·02, n=43; Fig. 3) , and between oestradiol and testosterone in peripheral venous blood (r=0·42, P=0·005, n=43) and in testicular venous blood (r=0·37, P=0·02, n=39; Fig. 4) . Concentrations of other hormones were not significantly related.
Dogs with a Sertoli cell tumour
Dogs with a Sertoli cell tumour (n=13) had significantly greater concentrations of oestradiol and inhibin-like immunoreactivity than did normal dogs, both in peripheral venous blood (P=0·001; number of samples (n)=10 compared with n=44, and n=9 compared with n=43, respectively) and in testicular venous blood (P<0·05; n=4 compared with n=40, and n=4 compared with n=41, respectively) ( Table 2 ). Testosterone concentrations in dogs with Sertoli cell tumours were decreased both in peripheral venous blood and in testicular venous blood (P<0·001; n=9 compared with n=43, and n=4 compared with n=40, respectively; Table 2 ). FSH and LH concentrations in peripheral venous blood were less in dogs with Sertoli cell tumours than in dogs with normal testes (P=0·001, n=10 compared with n=43; P=0·005, n=13 compared with n=43, respectively; Table 2 ). Feminisation occurred in eight dogs with a Sertoli cell tumour. The oestradiol concentrations in peripheral venous blood (114 15 pmol/l; n=7) and testicular venous blood (1258 399 pmol/l; n=2) from these dogs were significantly greater than those in dogs with nonfeminising Sertoli cell tumours (27 19 pmol/l, n=3, and 161 121 pmol/l, n=2, respectively; P<0·001).
The coefficient of correlation between LH and FSH in peripheral venous blood was 0·90 (P<0·001, n=10; Fig. 2 , Table 3 ); between LH and oestradiol it was 0·64 (P<0·05, n=10; Table 3 ), and between FSH and oestradiol it was 0·57 (P<0·05, n=10; Fig. 3 , Table 3 ). The coefficient of correlation between testosterone and oestradiol was 0·90 (P=0·05, n=4; Fig. 4 , Table 3 ) and between testosterone and inhibin it was 0·93 (P<0·05, n=4; Table 3 ). Other correlations between hormone concentrations were not significant.
Dogs with a Leydig cell tumour
Fourteen dogs had a Leydig cell tumour and testicular venous blood was collected from eight of them. Moderate feminisation was reported in two of these dogs, in both of which there was atrophy of the contralateral testis and extensive alopecia. One dog had anaemia and the other dog had slight gynaecomastia. The oestradiol concentrations in these dogs were increased.
Testicles containing a Leydig cell tumour unilaterally secreted more oestradiol and more inhibin-like immunoreactivity but less testosterone than did normal testes (P<0·05). These differences were also reflected in peripheral venous blood ( Table 2) .
The oestradiol concentration was significantly lower in testicular venous blood from dogs with bilateral Leydig cell tumours (n=2) than in testicular venous blood from the unilaterally affected testes (n=5), whereas testosterone concentrations were not significantly different. Inhibinlike immunoreactivity was greatest in testicular venous blood when there were bilateral Leydig cell tumours.
The levels of inhibin-like immunoreactivity and oestradiol concentrations in blood from the contralateral unaffected testis were comparable to those in blood from normal healthy testes, but testosterone concentrations Figure 4 Relationship between oestradiol and testosterone in testicular venous blood of dogs without testicular disease (+, solid line) and dogs with a Sertoli cell tumour (, dotted line). Table 2 Mean S.E. hormone concentrations (number of samples) in testicular and peripheral venous blood from dogs with normal testes and dogs with testicular tumours. Hormone concentrations were measured in testicular venous blood from the testis containing a tumour and from the contralateral unaffected testis. These values were compared with each other and with those in testiuclar venous blood from dogs with normal testes. Only in the case of Leydig cell tumours were there two dogs with bilaterally affected testes, making comparisons between uni-and bilaterally affected testes possible. For peripheral venous blood, hormone concentrations in dogs with a testis tumour were compared with those in dogs with normal testes. LH and FSH were measured only in peripheral venous blood were severely depressed ( Table 2 ). The concentration of LH in peripheral venous blood was depressed (P=0·02), whereas that of FSH in peripheral venous blood was comparable to that in normal dogs (Table 2) . In dogs with a Leydig cell tumour, the concentration of testosterone was positively correlated (P=0·03) with the concentration of inhibin in testicular venous blood (Table  3 ). The negative relationships between the concentrations of testosterone, oestradiol and inhibin on the one hand and LH and FSH on the other were not significant in dogs with Leydig cell tumours (Table 3) , with the exception of the relationship between inhibin and FSH (Fig. 5) .
Dogs with a seminoma
No signs of feminisation were reported in this group (n=19). Testes containing a seminoma produced inhibin, oestradiol, and testosterone in concentrations comparable to those produced by the unaffected contralateral testis and to those in dogs with normal testes (Table 2) .
Significant correlations between hormone concentrations in peripheral venous blood were found between LH and FSH (r=0·59, P=0·02, n=15) and between LH and testosterone (r=0·67, P=0·01, n=13).
All dogs
There was a correlation between peripheral venous values and testicular venous values of inhibin-like immunoreactivity, oestradiol and testosterone. The correlation coefficients were 0·32, 0·80 and 0·32 respectively, and all were significant (P<0·025; n=60, 55 and 52 respectively). Furthermore, the relationship between inhibin and FSH in the total group of dogs was significant (r= 0·43, n=88, P<0·0005).
Discussion
The concentrations of gonadotrophins, inhibin and testosterone in testicular and peripheral venous blood of healthy dogs did not change with age. Others have reported decreased concentrations of testosterone and LH with increasing age (Bondarenko et al. 1979 , Günzel Apel et al. 1990 ). In our study, oestradiol concentrations in testicular venous blood decreased slightly with age, but this effect was not detected in peripheral venous blood. In men, serum concentrations of oestradiol remain unaltered or gradually increase with advancing age, suggesting an increased production of oestradiol (Meites 1986 ). The increased production of oestradiol may take place in the testis, but also in adipose tissue where testosterone is converted to oestradiol by the enzyme aromatase. An increase in the activity of peripherally localised aromatase has been described in ageing women (Longcope & Baker 1993) and this could also be the case in aged dogs. Such an increased peripheral conversion from testosterone to oestradiol could explain why peripheral venous concentrations of oestradiol are maintained despite slightly diminished testicular production of oestradiol.
In the present study we used dogs of different breeds weighing from 5 to 60 kg and found that the weight did not influence concentrations of steroids, gonadotrophins or inhibin-like immunoreactivity in testicular and peripheral venous blood. This is a new finding, as in most published studies only beagle dogs were used (James & Heywood 1979 , Lowseth et al. 1990 or differences in body and thus testes size were ignored (Taha & Noakes 1982) . Our finding is in accordance with those of a study in which no relation was found between the size of the animal and testosterone concentrations in 10 different species (Wichmann et al. 1984) .
In dogs with Sertoli cell tumours there was an increase in inhibin-like immunoreactivity in both testicular venous blood and peripheral venous blood. This observation confirms results of an earlier study in which Sertoli cell tumours were found to contain increased concentrations of bioactive inhibin (Grootenhuis et al. 1990) . The concentrations of oestradiol in both testicular and peripheral venous blood were significantly greater in dogs with Sertoli cell tumours than in unaffected animals. Tumorous Sertoli cells in the canine testis are generally believed to be the source of oestrogen in dogs with feminisation, but unchanged concentrations of oestradiol in feminised dogs have also been reported, probably because of differences in the methods used for the measurements of oestradiol (Siegel et al. 1967 , Comhaire 1974 , Morgan 1982 , Grootenhuis et al. 1990 ). Indeed, re-assay of the samples discussed by Grootenhuis et al. (1990) using the method described in this study yielded differences between normal dogs and dogs with feminising Sertoli cell tumours that were similar to those found in the present study (Rijnberk 1996) .
In this study we showed specifically that the testis containing a Sertoli cell tumour produces greater concentrations of oestradiol and inhibin-like immunoreactivity, by measuring concentrations in testicular venous blood. Oestradiol can suppress both FSH and LH secretion in males in a number of species (Swerdloff & Heber 1983) , but in male dogs oestradiol mainly regulates LH secretion (Winter et al. 1983) . We found this to be reflected by a strong negative correlation between oestradiol and LH. The concentrations of both LH and FSH were found to be suppressed, probably because of increased inhibin and oestradiol concentrations. This gonadotrophic suppression resulted in significantly lower testosterone concentrations. In accordance with the above, we found a negative correlation between testosterone and inhibin and between testosterone and oestradiol.
Inhibin-like immunoreactivity was increased in dogs with Leydig cell tumours. In the rat and the mouse, Leydig cell tumours have also been shown to contain immunoreactive inhibin (de Winter et al. 1992) . Furthermore, significantly increased concentrations of oestradiol were found in testicular venous blood. In two dogs with Leydig cell tumours, the amount of oestrogens secreted was great enough to cause feminisation. It is unclear whether remaining Sertoli cells in the seminiferous tubules secreted this oestradiol or whether the Leydig tumour cells are capable of doing this. The neoplastic cells might produce a factor that stimulates the aromatase activity in the remaining Sertoli cells.
As Leydig cells produce testosterone, testes with Leydig cell tumours might be expected to secrete greater concentrations of this steroid (Chalmers & Medleau 1990) . Instead, we observed decreased concentrations of testosterone in testicular venous blood, probably caused by oestradiol-induced suppression of LH. However, testosterone concentrations in peripheral venous blood from dogs with Leydig cell tumours were not significantly different from those in normal dogs. This may be explained in either of two ways. First, the testicular blood flow in these dogs may have been increased, resulting in a lower testicular venous testosterone concentration, but unchanged testosterone production. Secondly, the observed increase in the oestradiol concentration may lead to a greater concentration of androgen-binding protein and thus decreased clearance of testosterone, causing a relative increase in peripheral testosterone concentrations.
In dogs with Leydig cell tumours the LH concentration in peripheral venous blood was decreased and there was a negative correlation with testosterone, oestradiol, and inhibin. This is in accordance with suppression of the LH response to gonadotropin-releasing hormone by oestrogens, as was implicated in an earlier study (Winter et al. 1983) .
As the concentration of FSH was not decreased in these dogs, we believe that the increased immunoreactive inhibin was not bioactive. This suggests that Sertoli cell tumours secrete bioactive dimeric inhibin, resulting in a reduced concentration of FSH, whereas Leydig cell tumours produce loose -subunits that are known to cross-react in the inhibin assay used in this study. This is in agreement with observations in the rat and the mouse, in which immunoreactive inhibin secreted by Leydig cell tumours often was not biologically active (de Winter et al. 1992) .
A remarkable finding was the extremely high inhibinlike immunoreactivity found in bilaterally occurring Leydig cell tumours in two dogs that had normal concentrations of oestradiol. One of these dogs had soft testes and increased gonadotrophin concentrations, whereas in the other dog the gonadotrophin concentrations were decreased. This suggests that bilateral Leydig cell tumours may differ in biological behaviour compared with unilateral Leydig cell tumours.
Despite the fact that aromatase activity and thus the ability to synthesise oestrogens has been demonstrated in germinal cells of mice , bears (Tsubota et al. 1993) and roosters (Kwon et al. 1995) , seminomas in dogs are believed not to secrete oestrogen and indeed are known to be hormonally inactive (Nielsen & Kennedy 1990 , Chastain 1993 . When signs of feminisation are present, they are probably due to a co-existing tumour that has not been detected (Nielsen & Kennedy 1990) . In support of this hypothesis, we found that testosterone, oestradiol and inhibin concentrations in dogs with seminomas were not significantly different from those in control dogs. The facts that aromatase has been demonstrated mainly in spermatids , Tsubota et al. 1993 and that canine seminomas are believed to be of spermatocytic origin (Looijenga et al. 1994) could explain the unaltered oestradiol concentrations found in this group of dogs.
It can be concluded that, in dogs, age does not affect the production of steroids, gonadotrophins or inhibin, with exception of testicular oestradiol, for which a negative correlation with increasing age was found. In Sertoli cell tumours and Leydig cell tumours, the concentrations of steroids, gonadotrophins and inhibin were strongly altered, sometimes leading to feminisation, but there was no demonstrable change in the hormone production by testes with seminomas. Finally, we conclude that feminisation in dogs with a Sertoli cell tumour or a Leydig cell tumour is caused by increased concentrations of oestrogen.
